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est~ 3. hkgeand
Wepaper. gon& m ~ of daeaottrebeso ROC Iisca single-chip 32-bit KiLOS microprocessor

remomll-cemplated VLI design cntaining 45000 with estimated performan in the range of DECs VAX-
6b- stes. The firt, st of dots describes the mask- 11/790 [5]. A team of graduate students at UC Berkeley
Isvmi features of the clraujt, frm which it ts sean that dsigned and layed out the ship during the winter and
almost a11 features hav at les -n ma dinin spring of 1981. The chip ha been fabricated, and is
Th second set at data analyzes the hierarchical canbybigtse.Tedeinrlsue o h
structure used by the designer to specify the circuit. ural en etd h einrlsue o h
The measurements show that omposite cells have a chip are those defined by Mead and Conway [3). All
difebreat, structure from primitive eslls. and that, out- rules are based on a scale factor called lambda (X). The
ide of arrays. cells wre rarely re ased. ?lbe third set at Hesd-onway rules providesial mask layers including a
data concerns the usage of an Interactive layout pro- uingls layer each of metal and polysilicon. and butting
gramo during the siocult deign. In spite of t s ontacts (ns burled contacts). Ketal-to-metal pitch is
circuits size. thu~otfsunl uce omns B ne h edCna ue.TeRS eini

wereallsimle.5150h wids. and 3550A tall. It includes 160 cell
* definitions, and the complete mask pattern contains

*L aftdohiam 5W0.000 rectangles. The fabricated version of the chip
Although several large VMSvnf have been has A = 3.0 microns.

designed durin the pest few years there has been little The layout tool used for specifying the circuit was
publication of data concerning the structure of those Casar [41. an Interactive program that utilizes color
ehroults or the ways in which they were designed. Dent. graphics workstations connected to a DEC VAX-il/Fi.
Any et al. (13 collected low-levol mask data for several Caesar is similar to most existing layout programs in
usiveralty, projects. but did not Include measurements that it allows designers; to specify mask patterns (called
o f the logical stuceture of the uircuits or of the tools pud In Caesar) and to group those patterns into

*used to design them This paper presenta dateaon the hierarchical sell structures. Internally. Caesar
- design of RISC L an KiLOS VLI circuit containing about represnt paint s rectangle@ on the various mask

400 transistos (2.53. Three diferent kinds of data layers, but designers do not deal directly with the rec-
ars presented, pertaining to a) the low-level mask etrus- tangles. Designers epecify the feature ahepes and the
twos at the cireuit. b) the hierarchical cell structure se l irarchy, and Caesar manages the Implementation
used by the designers to specify the layout. and a) the of the spes with rectangles: the program automati-

usag of Casar (43. an Interactive program with which sall splis and isins rectangles to acomplish the
the boyou was entered. Our Intent In presenting the designers wishes while maintaining a minimized
data Is to 16ld but. to preside Information fer CAI) representatio (Because Caesar represents features
ner se that they an tailor their systems to the with rectangles. the two terms will be used Interchange- 0

sood of designers. and second, to provide dats fer use Gbuy in the remainder of the paper). Caear does not 03
In omaring VLI designs. contain any placement, or rouating aIS. CResa restrictsi

designe to be Mmmtholhom- all Ilass are parallel to ths z-
U or y-ais.

se vat dines" s ve o"es ~ ais on ba y dos Dolmso
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To generate the statistics presented in Sections 3 of them had as many as 27 rectangles. Since the 90th
and 4. we used Caesar's database subroutines to gather percentils counts are only twice the 50th percentile
raw data about the rectangles and cells of the design. couints and the meano and medians are nearly equal, we
The data were then post-processed with UNE utilities conclude that the density of features is relatively urn-
an" special purpose statistical reduction programs, form owv the chip (this cawns as no suprise to us: aIn addition. Caesar's comumand interface was non-uniformity would have implied that some portions Of

-. Initromented to save statistics on command usage. the design are loe space efficient than others).
*These statistics wore gathered over many weeks of The last column of Table 1 contains the average

usage and post-processed to generate the condensed number of bins overlapped by each rectangle. assuming
results of Section 5.that the circuit is divided up into an array of bins of the

given size. This information was computed by compar-
ing the number of rectangles counted per bin to the

* . E* poatmre total density of rectangles over the entire chip. The
This section contains measurements of the low-level number of bins per rectangle is one measure of the

rectangle characteristics of the RISC chip. In gathering storage overhead associated with a bin structure (if a
the data, the hierarchical structure of the design was rectangle overlaps two bins. then there must be a
ignored; only the resulting mask features were con- "oiter to the frectangle from each bin).
sidered. The measurements show that most mask
features are small. and that almost all features have at Duin z Number of Rectangles per Bin Bins per Rectangle

*least one small dimension. x 1019 503 g0t mean mean

& .fauea"aaDdr p eEm.5 0 1 a 1.0 150
- .. bbrsmdmit M~51 0 1 3 1.3 45
Our purpose in measuring the mask features was to 4 1 a 5 3.7 6.3

*help us devise efficient data structures and algorithms 16 3 13 27 14 2L0
*for design tools. In particular. we wanted to understand 32 3 3 77 39 1.4

the likely efficiency of bin-based data structures, whose 64 17 130 350 140 1.3
purpose is to speed up database searches. One of the Ift 50 POO 3500 2100 1.2
most frequent operations in VI design systems is to-

*locate all of the features that overlap some small area Teble 1. Rectangle information for different bin
* of the whole chip. Tor example. an Interactive display sizes. the columns headed 101. 503. and 901 are
* system must allow the user to "seam in" to a small win- percentiles: If a bin size of four to used, 903 of all

dow on the chip, and design rule checkers must verify bins will contain 5 or fewer rectangles, but only 101
that features within an are& an be fabricated amrrectly. of all bins will contain 0 or I rectangle.

* For large chips, a liner search of all feature is prohibi-
tively expensive. 1My systems Implement speia Table 1 suggests that storage overheads become
structures to permit efficient location of the features severe for bin sizes less than M., while the number of
within a given ara. The most common (non- rectangles per bin becomes large for bin size greater

* hierarchical) structure divides the circuit up than 64L. The best bin elie appears, fro the data, to
oheckerboard-style Into a two-dimensional array of b a

*square bins, and keeps politers from each bin to all of b rudM
* thes features overlapping that bin.

There are two conditions that must held for a bin LL anms hosDt
strueture to be useful:

The results of Bentley et@a. indicate 1
El B1 ins must be emall enough to reduce the siumber of large feature tend to have at least one shog

rectangles per bin to a tractable quantity, nootTi em pasbesnewie aeu u
meeyfor the average bin, but for almnost el of stal Portion of VLI circuits. Table I contains lnftor-

them mation about the dimensioms of the rectangles in RISC I;
[33 Dins must be large enough se that rectangles rarely the measurements are based on a pseudo-random sam-

neouny multiple bins; apace efficiency Is Impor- ple of 53.000of the 83000 rectangles in the chip. The
told. percentile infomation for each row In independent: lOX

We obes several eandidate bin sies,. then for each, ase of the rectaftles had a width of Ilk or lowe and M0 of
plae 1000 bins at pseudo-random l..stisIntotu the CO rectangles had a height of 15A or lees but these are
I chip nd counted the rectangles that overlapped each fwt the sme 303. "Aspect ratio" refers- to the ratio of
bin. The cumulative dietubution In she a in the flrot height to width.
columns ofiTable 1. For esoomple. cut of the 1000 bins The dataIn Table I gres with the measurements of

1Aon a side, 103 of them bad 3 or eer rectangles. Bentley at al. and support the claim that most features

bafof them had 13 or fewer, the mean was 14. and 30 have at least one small dimension- 953 of the reotan-

7.



gigs in RISC I hase a abort aide of 6?h Wor se (in Bentley's
data for 16 chips, approximately 161 of all features bad
at least oe dimension less then or equal to lox). Cae-
,ar merges smaller rectangles into larger oes wben-
eve possible. so we would expect features to have even

a"Idn average sizes In other systems without C2 Rectangles
automatic merging. Half of the rectangles have oneio !
dimension at least Z5 times as Veat as the other.

One way to exploit the fact that features are skinny
Is to classify rectangles by orientation a either "logs
or "poles". Separate bins could be used for each oriln-
tation. a set of short fat bins for los and a set of tall
and narrow bins for poles. Such a bin structure would
likely have les storage overhead than square bins with
the same area per bin.

4. Kemmenut d thes 0ll Mareby
One of the most promising and popular technique@ Figure 1. An example of a hierarchical layout,

for oping with the oemplexity of a VIM design Is to wherein eh seil consists of mask features (rec-
organize the design as a hierarchy of sels. ab cell in tangles) and suboells.
a hiermrohioel design contains mask features (which we
refer to as paint) and ether ells, arranged in a tree
structure (see lgure 1). Hlerarchical design offers two

* potential advantages. ftit. It provides modularitr.
different cells can be designed independently by ___ss____ b_____Ce__
different designers. and designers m Incorporate eachs

. other's cells without heving to build them bm scratch. Primitive 135
The second potential advantage of bierarohical designs Composite 55
is efficiency. Popular cells may be replicated several Total 180
times. but the design system need only store a single
copy of the representation. The oell hierarchy can be Table Cell claems.
used to reduce seaoh time: when searching for all
features overlapping a given area. It i unneessary to
search any cel whose bounding bes do not overlap
the am of interest. the 1I0 total cell definitions in the RISC I design. 135

To analyze the hierarchy of the RISC I design. we wore primitive. Composite cells are those containing
eliminated al nan-functional slls such as logos, and suboefll. The topmost cell in the hierarchy ti called
then cisifled the remaining sels In emwel ways. as ume "o" cell (when viewed in Caesar it looks like a
indicated by Tables 3 and 4. We gave separate c- p fw plan). It is treated specially for one of the
v ideration to three different lame of sells. Primitive measurements beoaues It contains an extraordinarily

Seels are thn ontaining only paint (no suboe1s); of large amount of paint.

Percentie Data
i 1051 35 0 sx 3 ma meen

W idthW 1 1 a 4 5 9 so 100 .
Height (h) 1 1 3 4 6 is 30 3300 7.3

wt ade (A) 1 1 1 1 3 4 a ?4 35
iAn ide (i) 1 a 4 6 10 84 41 1100 is

AnaQ") 1 4 6 14 34 73 110 100000 39
"get: ale , _&0013 0.14 0.33 1.0 3. 4.3 L5 30 L3

-Table IL Rectangle dimension characteristics. The
poreeqtes have the sme interpretation as In
Table 1: far example. 5% of all rectanes re no
more than ISA In height.
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4.1. COlAeas The paint density measurement was derived by
The first statistic in Table 4 measures cell areas. dividing the total area of paint rectangles drawn in each

Most primitive cells are relatively small -no more than celi by its total area. As with the drawn rectangle
about GOA en a side -whereas composite cells are much count, rectangles in subealls are ignored. Since paint
larger. The large also of composit, cells Is expocted. may be present on any of the various mask layers, the
since they must (by definition) contain mne or more density Is occasionally greater than 1.0. The density of
smaller celils. For both primitive and composite cells paint In composite cells Is an order of magnitude
there are a few cells that are far larger than the others. smaller than in primitive cels. Our observation for RISC
although variations in size were greater among compo- I is that primitive cells tend to be all paint and compo-
site cells than among primitive ones. site cells tend to contain almost nothing but subeelis.

Wven the global wiring does not affect this judgement:
4.L ask Features In Coils wiring tends to be restricted to a few narrow channels.

The second statistic in Table 4 counts the number
of drawn rectangles in cells (rectangles defined in a sub- 4.5. Us. of oels
cell are not counted as part of the subcell's parent). The "total uses" line shows that the RISC I design Is
The mean number of rectangles per cell Is 120, and the highly regular: on the average, each call is used 21
90th percentile fells at 390 rectangles. The rectangles times. Arrays were used frequently: 36 primitive and 4
are distributed relatively evenly between the polysi- composite calla. or about 25% of all cells, were used in
con. diffusion, metal, and contact cut layers. The floor arrays,
cell contains over 7000 drawn rectangles, or about 25% The tine labeled "subeell count" In Table 4 counts
of all the drawn rectangles for the chip. These rectan- an array as a single subeelk balt of the composite cells
alas constitute most of the global wiring of the chip. and -contained 2 or fewer such subeelis. Only a few cells con-
had to be put In the floor cell for ease of editing with tained many subtells; many of these were program-
Caesar. Recent changes to Caesar make this unneces- generated cells such as PLs. It appears that if arrays
sarr: if the design were done today, the wiring would be are handled specially (as they are in Caesar). no other
split among several additional subeells. Composite cells special techniques need be incorporated in DA systems
tend to contain few drawn rectangles: more than haf to deal with the cell hierarchy: because cells contain so
contain none at all. Because of the small number of rec- few subeosls, a linear search is sufficient to find a
tangles in most cells. there seems to be no advantage to desired suboelL
supplementing the hierarchical cell structure with a bin The last lines of Table 4 count the number of die-
structure, except in a few rare cases such as the floor tinct places in the RISC I hierarchy where cell
cell. definitions are used. counting each array as a single use

.Call type Cumulative Data Mean

Celltype10% 50% 90% M a

Area(AS) primitive 270 4300 37K lox
composite 17K IBK 3 1VSM

_____all 250 11K 350K 450K
is Drawn rects. floor 7600 7100 7600 7600

primitive 12 7 420 140
composite w/o floor 0 0 370 65

_ _ all w/o floor 0 46 390 13o
Paint density primitive 0.53 0.92 1.2 0.90

composite 0 0 0.29 0.069
all 0 0.74 1.3 0.65

Total uses primitive 1 6 32 t9
composite 1 1 4 3.
_ l 1 3 30 31

Buboeli count composite 1 a 34 19
Diatinet uses primitive 1 1 L? a

composite 1 1 1.1 a
all I I 8. 4

Table 4. Cell Characteristics.
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of the arrayed call. More than half of all cells are used were integrated into the final layout. several additional
In only a single place. Fower than 103 of all cells are oiels were created. and the global wiring van specifed.
wed In more than 4 places. This indicates that almost In all, the sessions included about 480 hours of Caesar
all of the regularity in the design is due to arrays. We -usage. end a total of 365.000 commands. The designers
can asoount for this in two ways. First. VIM designers had nearly unlimited access to Caesar stations, so they
are wling to generate special purpose celis for each tended to think in front of the terminals, rather than
usage in order to minimize area and maximize speed. using the design stations only to enter pre-conceived
leond. Caesar dos not permit parmeterizatlon of designs.
sells eoxept through arrays and siaple geometric Table 5 summarizes the usage of Caesar commands

.transformations gh as rttion; to make slight by group. In considering the data. It should be noted
modifications to a sell a designer must make a separate that the commands all execute in about the same time.
opy of the definition and then modify the copy. As so users were not biased in favor of certain commands
more powerful design tools become available we hope by execution time. Overall Caesar used only 5X of thei• icells will be re-used more frequently than n RISC 1.

available CPU time and commands completed in about 1

There are two overall conclusions to be drawn from second each.
the hierarchy data. First, composite cells have The most frequently-invoked commands do very
markedly different characteristics than primitive cells.  simple things. Cursor positioning alone accounts for
Thus It may be appropriate to use different techniques '34 of all commands. The large number of keystroke
to deal with the two kinds of cells. Rowoon [6] has curor commands Is be e they move the curor by.•~~uro commadd ispne becom the dmove the ownond bonyu
already proposed such a distinction. The second conclu- me lbda unit; it takes several such commands to
sion is that it is essential to represent arrays explicitly ascomplish the equivalent of a mouse positioning.
in design tools and languago Artwork analysis tools',:About one a minute, designers chaned what was
can be speeded up enormously by taking advantage of
the replication present in arrays, and may not need to visible n the color graphics display. Almost half of

consider any other kinds of regularity (the RISC I design these changes conssted of scrolng the picture left.
suMests that arrays are the only source of regularity), iht, up. or down.

On the average. modifications to the circuit
occurred about once a minute; almost all of thesea VWW a the dlaM=t P rm modifications se from painting commands that made

Over the last month of development of RSC I Ca slight modifications to mask features Commands that
--r recorded usage data tar each interactive session modified the cel structure of the circuit, such as adding
related to the project. During this month, the subelis a new subeei or mown an exstng one, were rarely

Command No. of Percent of Average Time
_ _ __._ _ _ Uses all Comande Between Uses

Cursor Positioning (by keystrokes) 842000 7 see
(by mouse) 60600 U se
(miscellaneous) 5606 5 min
Total 306000 34X 6 see

Viewing (scroll) 10300 3 min
(change) 60 4 min
(arid and mIsc.) 6130 4 mn
Tota 1 333 e 74 see

rseleton (cells) 3m 1 min
.3(paint) 33 4 fain

Total 3359 13 3 min

Painting 34645 ?% 70 sec

Create Label 1304 .S 34 min

Cell Manipulation (move,. ,py. ae.) In3 .4 N mi
emrto CIF 334 .1 3 100 min

* Other 3.3 13 limin

Tota 365000 103 5 se

Table G. Caesar usage statistics during iSC I design.

*'



-. 6

"imied. on the average, mob commands occurred only . ufsreWme
evrty 8a minutes. (1] Bonuey. Jon L. Haken. Dorotha. and Hon. Robert

Te brqmunoy of oommands that modify the air- V. Siatiets & VLSI Dosign. Computer Science

o"It p UaWlay than that change the cell structure. Technical Report, Carnegie-Mellon University. Pitts-

in e o@using fer the development of more powerful burgh. PA. 1960.
design systom Yor ezample. suppose that design rules ZI Fitzpatrick. Daniel T.. at at. -A RISCy Approach to
. to be f as the designer makes tchang to the V1k. Die 1.. Vol i. NA 4 A Fourth Quartr
aebouit. Painting eommands ae Issued about once a 1V.1.
minute; then aet only mall re of the circuit so
reverifypng the design rules for those wos should be ead. Carver. and Con-Wy. Lynn. W.odwtfl to
cheap. The call manIpulation commands may result in VS ytwf.Adsn0ly 90

S.. large mounts of e in reverifying design rules, but [4) Ousterbout. John K. "Caesar: An lnteractive Editor

they awe only invoked every 30 minutes or no. Thus. It for VLS Layouts." LSI D#sin. VoL 2. No. 4. Fourth

should be feasible to build an inremental design rule Quarter 1961.

c oheoker that runs a a background process and keeps [5] Patterson. David A. and Se4uin. Carlo H. "RISC 1: A

an up-to-date picture o violations as the circuit Is Reduced Instruction Set VLS] Computer." Proc.

edited'. £'igAf &jte,,sfmn StmaguIm, an Computer
AlMfelhaaw. May 1901. pp. 443-457.

" ' S V i ma I mia (6] Roawson. Jmes A.. indmiasoding Haarocal

Caution must be exercied in Interpreting these Deal#% PhD. Thesis. California Institute of Tech-
results. since they represent only a single large chip. nology. 1960.
Our low-level mask data agree with the measurements of

" Bentley a &L but until similar measurements of hierar-
. oby and tool usme have been presented for other VLSI

S" aiti It will be didft to know whether or not these
results are generally applioable. Nonetheless, the RISC I
design has the following characterltics:

[1] Features are generaly small. and even thoe that
ae large have at leat one small dimension.

* . [12) Cells fail into two general classes: primtive ells.
oontaining a emal number of uniformly-distributed
mask features and no subells; and composite Cells

Scontaining a small number of subolls but almost
,, no mask feature.

[] Regularity occurs almost exclusively through the
use of armys. Cells are generally used in only a
single instance or array.

[43 The most popular commands in the Interactive lay-
out Editor We simple In nature; only rarely was
the oircult modified and even then most of the
modilfations wre loal changes to mask features.

o'o
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